Abstract-In this paper, an efficient control algorithm for an Intelligent Controller Induction M otor Drive system using Fuzzy Logic Approach has been proposed. The Indirect Vector Control principle has been employed to control the Induction M otor. Next, a two-degree-of freedom controller is proposed to improve the system performance. The controller design algorithm can be applied in an adjustable speed control system to obtain good transient responses and good load disturbance rejection abilities. The proposed controller has been analyzed using computer simulation and compared with a simple conventional Controller strategy. The simulated controller performances have been finally verified experimentally using TM S320C6711 Digital Signal Processor. The results obtained substantiate the robustness and effectiveness of Intelligent Controller for high performance of Induction M otor.
I. INTRODUCTION
Induction motor has a simple and rugged construction. However, the speed control of the induction motors is rather complicated due to its complex and nonlinear mathematical model which includes parameters that vary with frequency, temperature and other operating conditions. The variations in the parameters have a significant effect on the accuracy to control torque and speed and other operating performance of the motor.
Usually in most of the industrial applications, Proportional Integral (PI) Controller and Proportional Integral Derivative (PID) controller are employed to handle motor controls. However, the traditional controllers are very sensitive to parameter variations and load disturbances, etc. Further, a number of other controllers such as Self Tuning PI Controller, Slid ing Mode Control (SMC) and Model Reference Adaptive Control (MRAC) have been investigated for Induction Motor Control, [1, 2] . Unavoidable parameter variations due to system disturbances, temperature variations and saturation, affect model uncertainty and thus, it leads to difficulty in developing an accurate system mathematical model. The development of the induction motor model also becomes a difficult task due to unknown load variation. To overcome these problems, a Fuzzy Logic based intelligent speed control of an Indirect Vector Controlled induction motor drive is proposed so that the machine can follow a reference model to achieve desired speed performance [3] .
A detailed comparative analysis of Induction Motor Drive based on the conventional PID Controller and fuzzy logic based Intelligent Controller has been carried out. Performance evaluation has been done under different loading conditions through simulation results and experimentally justified.
The aim of this study is to investigate the suitability of the drive under sudden step changes in (a) load and (b) converter frequency settings, while the drive is operating under full load. A drive operating under steady state experiences transient operation whenever there are changes in supply or load conditions. A two-degree of freedom fuzzy logic based Intelligent Controller is proposed to improve the system performance.
Section I briefly explains the problem and the proposed solution to the problem. Mathematical modeling of the Indirect Vector Controlled Induction Motor has been explained in Section II. Further design of fuzzy logic based Intelligent Controller and its comparison with PI Controller is presented in Section III. Section IV presents the results achieved by Simulation and Experimental setup. Concluded remarks are presented in Section V.
II. MATHEMATICAL MODELLING OF INDUCTION MOTOR
In order to analytically predict the drive's performance, it is essential to develop a mathematical model of the drive.
The controller imp lies t wo stages of inverse transformation, so that control current , correspond to machine current , respectively, in addition the unit vector assures correct alignment of current with the flu x vector and perpendicular to it, [4] . Theaxes are fixed on the stator axes, but the -axes are fixed on rotor axes, moving at speed . A xes -are rotating synchronously ahead of axes -with the positive slip angle corresponding to slip frequency , [5, 6] . Since the rotor pole is directed to the axis and . The unit vector signal is determined as:
It is to be noted that the position of rotor pole is not absolute, but is slipping with respect to the rotor frequency at . For decoupling control, the stator flu x co mponent of current should be aligned on the axis, and the torque component of current should be on the axis that leads to and , then:
Also, the slip frequency can be calculated as:
The electromagnetic torque of the induction motor can be written as:
As we already interpreted that and , therefore (5) Thus, for controlling the motor torque, we may regulate wh ich is flu x co mponent of the current and which represents a torque component of the current.
III. DESIGN AND IMPLEMENTATION OF INTELLIGENT CONTROLLER
The use of PID control has a long history in control systems engineering and is acceptable for many real industrial applications. The main reasons for this popularity are that PID controllers are easy to imp lement and easy to maintain.
Hence, in this paper Discrete-time P and PI controllers have been implemented fo r Flu x Control Loop and Speed Control loop respectively.
It is difficu lt to imp lement offline tuning of the PI controller due to continuous parametric variation in the induction motor as well as non-linearity present in the entire system, designing of Intelligent Controller is essential. As it is evident that the stator and rotor resistances of induction motor may change with the temperature up to 50% and motor inductance varies with the magnetic operating point. Also the load torque may change due to mechanical disturbances.
Excellent control performance can be achieved even in the presence of parameter variation and drive nonlinearity by using Intelligent Controller instead of P and PI controllers.
The Fuzzy Logic controller is designed to find out desired magnetizing currents and according to flu x reference and speed reference respectively.
A. Input and Output Variables
The inputs to the Flu . Figure 1 shows the proposed Fuzzy Logic Controllers. 
B. Membership Functions
The membership functions are divided into follo wing overlapping fuzzy sets:
NVB ( 
C. Knowledge Base and Inference
Knowledge based fuzzy ru les have been employed between the input and output variables for both the controllers. In rule base, both the inputs, i.e. error and change of error are processed by an inference engine. For Flu x Controller, 25 rules (5X5) have been defined and 81 rules (9X9) have been defined in Speed Controller. A higher number of ru les ensure higher accuracy in the system. Table I 
D. Defuzzification
In this work, the center of gravity defuzzification method is employed. The in ference engine provides a fuzzy output value and then crisp numerical value of the output is obtained by defuzzification. The most popular method of inference and defu zzificat ion is Mamdan i's max-min (o r sum-product) composition with center of gravity method. In this work, Mamdani type fu zzy inference is used. The center of gravity method is used for defu zzification to obtain the output in both the controllers. The normalized output function is given as:
where is the total nu mber o f rules, is the membership grade for th rule and is the coordinate corresponding to the maximu m value of the respective consequent membership function , * +-. After getting the value of , the actual desired first difference magnetizing current , can be found out by product of scaling factor.
IV. SIMULATION AND EXPERIMENTAL RESULTS

A. Simulation Results
A series of simulat ion tests were carried out on indirect vector controlled induction motor drive using both the PI controller and fu zzy logic based intelligent controller for various operating conditions. The time response and steady state errors were analyzed and compared.
The simulation work done is indicated in the b lock diagram shown in figure 4 where the Induction Motor is driven by current regulated PWM inverter. In order to have comparison between PI controller and Fu zzy controller, simu lation tests were done on both PI and Fuzzy controllers in the SIMULINK model. Furthermore, results have been obtained and analyzed at various speeds and injecting disturbance at the load side of the motor on both PI and Fuzzy Controller applications. Fig. 6(b) . Stator Current Response at 500 RPM with Load T orque up to 100% at 2.5 sec. Fig. 6(c) . Motor Torque at 500 RPM with Load T orque up to 100% at 2.5 sec. Also the transient response is imp roved in case of Intelligent Controller, i.e. actual speed stays closer to the reference speed without any overshoot.
The actual speed response with Intelligent Controller shows excellent load rejection ability and achieving the accuracy of 99.94% under the load circumstances. Fig. 7(a) . Speed Response at 500 RPM with Load Torque up to 50% at 2.5 sec. It has also been observed that the problems with traditional controllers fail to track the sudden change in speed reference and takes longer intervals of time to achieve steady state conditions. Fig. 8(a) . Speed Response at 500 RPM with Load Torque up to 100% at 2.5 sec. Fig. 8(b) . Stator Current Response at 500 RPM with Load T orque up to 100% at 2.5 sec. Fig. 8(c) . Motor Torque at 500 RPM with Load T orque up to 100% at 2.5 sec. Figure 9 shows the speed tracking performance test of both the controllers when sudden change in speed reference is applied. The Intelligent Controller gives better performance under sudden changes of speed reference. 
B. Experimental Results
An experimental prototype Intelligent Controller d rive system based on the proposed control method has been constructed. The measurement of line currents of the induction motor is done by t wo Hall Effect sensors. A resolver mounted on motor shafts gives the absolute rotor shaft angle and the speed of the motor.
The experimental setup has been implemented using a TMS320C6711 Digital Signal Processor Board, which is responsible for online calculation of the switching timings interfacing using a PC co mpatib le card. An interface card is used for obtaining the calculated timings. Both DSP and interface cards are assembled on the host PC. A host PC is set up to run and analyze the results of the setup. Figure 10 demonstrates the transient and load rejection capabilit ies of the simp le PI controller and the proposed Intelligent Controller with the speed command o f 500 RPM and 2 Nm of external load is applied to the motor. As shown in the figure 10(a) and 10(b), it is evident that Fuzzy Controller performs better that the PI Controller. Controllers at a speed of 500 RPM. Fig. 11(a) . Stator Current with PI Controller at 100 RPM. Again, we can state that the performance with the Fuzzy Controller is better than the conventional controller. Table III The speed response of induction motor has been observed under different operating conditions such as sudden change in reference speed and a step change in load. The PID controllers give an optimu m response at rated conditions, but the Intelligent Controller yielded a better response in terms of faster response time and lo wer starting current. The proposed controller can follow the reference speed without any overshoot and 1% steady state error. Fu zzy logic based Intelligent Controller is not affected by sudden changes in refe rence speed. Thus, a good tracking has been achieved for Intelligent Controller, whereas a conventional controller is affected by sudden changes in reference speed. It is to be noted that the speed response is affected by initial conditions, a drawback of PID controllers with varying operating conditions. The torque response shows little ripples fo r Intelligent Controller and large ripple content for PID controllers respectively.
Fro m the results, it is observed that the fuzzy logic based drive system can handle the sudden increase in command speed quickly without overshoot and steady state error, whereas the response of PID controller based drive system is not as fast as Intelligent Controller.
Finally, it may be concluded that, Fuzzy logic based Intelligent Controller gives better performance under load disturbances than the conventional PI Controller.
